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Gonadal evolutionBipotential gonads represent the structural framework from which alternative molecular sex determination
networks have evolved. Maintenance of Sox9 expression in Sertoli cells is required for the structural and
functional integrity of male gonads in mammals and probably in most amniote vertebrates. However, spatial
and temporal patterns of Sox9 expression have diversiﬁed along evolution. Species with temperature sex de-
termination are an interesting predictive model since one of two alternative developmental outcomes, either
ovary or testis occurs under controlled laboratory conditions. In the sea turtle Lepidochelys olivacea, Sox9 is
expressed in the medullary cords of bipotential gonads when incubated at both female- or male-promoting
temperature (FT or MT). Sox9 is then turned off in presumptive ovaries, while it remains turned on in testes.
In the current study, Sox9 was used as a marker of the medullary cell lineage to investigate if the medullary
cords originate frommesothelial cells at the genital ridges where Sox9 is upregulated, or, if they derive from a
cell population speciﬁed at an earlier developmental stage, which maintains Sox9 expression. Using immuno-
ﬂuorescence and in situ hybridization, embryos were analyzed prior to, during and after gonadal sex deter-
mination. A T-shaped domain (T-Dom) formed by cytokeratin (CK), N-cadherin (Ncad) and SOX9-
expressing cells was found at the upper part of the hindgut dorsal mesentery. The arms of the T-Dom were
extended to both sides towards the ventromedial mesonephric ridge before the thickening of the genital
ridges, indicating that they contained gonadal epithelial cell precursors. Thereafter, expression of Sox9 was
maintained in medullary cords while it was downregulated at the surface epithelium of bipotential gonads
in both FT and MT. This result contrasts with observations in mammals and birds, in which Sox9 upregulation
starts at a later stage in the inner cells underlying the Sox9-negative surface epithelium, suggesting that the
establishment of a self-regulatory Sox9 loop required for Sertoli cell determination has evolved. The T-shaped
domain at the upper part of the hindgut dorsal mesentery found in the current study may represent the ear-
liest precursor of the genital ridges, previously unnoticed in amniote vertebrates.
© 2011 Elsevier Inc. All rights reserved.Introduction
Sex determination implies alternative branching in response to dif-
ferent initiating signals. Once a signal has initiated one particular sexual
network, a developmental sequence of gene activity is pursued. Howev-
er, in somatic cells of the morphologically undifferentiated gonads, sex
determination occurs regardless of the signal that initiates the commit-
ment to form either testes or ovaries. Therefore, the early gonadal anlage
represents the structural framework around which alternative molecu-
lar sex determination networks have evolved. Prior to evident sexually
dimorphic histological rearrangements leading to testis or ovary forma-
tion, bipotential gonads of tetrapoda (Amphibia, Reptilia, Aves anda Celular y Fisiología, Instituto
Autónoma de México, Ciudad
o.
erchant-Larios).
rights reserved.Mammalia) are formed by two tissue compartments: stromal and epi-
thelial. The former comprises blood vessels and connective tissue pre-
cursors and, the latter, epithelial-like cells surrounding the incoming
primordial germ cells. The rearrangement pattern of the two compart-
ments has evolved, which has led to variability among species in both
the cell autonomous molecular networks and the cell-cell signaling in-
teractions underlying the process of gonadal sex differentiation.
In mice, the epithelial compartment contains Sertoli and follicular
cell precursors in male and female genital ridges, respectively. Trans-
gene experiments have shown that Sox9 expression in preSertoli cells
is necessary for testis differentiation; its failure to be expressed leads
to male to female sex reversal (Barrionuevo et al., 2006; Bishop et al.,
2000; Vidal et al., 2001). Sox9 expresses in early genital ridges of both
sexes but in genetic females it is soon down regulated (Pask et al.,
2010). Sry and Sf1 autonomously activate Sox9 in preSertoli cells
prior to gonadal differentiation (Sekido and Lovell-Badge, 2008).
Since Sry is brieﬂy expressed while Sox9 upregulation remains, the
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determination program from which both the onset of morphogenesis
and the maintenance of functional testis depend (Wilhelm et al.,
2007). Recent evidence has shown that the ovarian pathway depends
on Foxl2 and ER2, which maintain Sox9 silent in follicular cells. If these
mechanisms fail, follicular cells transdifferentiate into Sertoli cells in-
ducing postnatal ovaries to form testis-like gonads (Uhlenhaut et al.,
2009). Thus, at cellular level, mammalian sex differentiation depends
on setting up the male or female network in the supporting epithelial
cell lineage.
During mouse gonadal morphogenesis, the coelomic epithelium
contributes to somatic cell precursors in both the XX and the XY
gonad during the bipotential stage of development. However, early
mouse gonads do not show cord-like structures at the bipotential
stage (Karl and Capel, 1998). Sox9 is not expressed in cells of the me-
sothelium overlying the undifferentiated gonads, and only begins to
be expressed in Sertoli cell precursors at the genital ridge core (Bullejos
and Koopman, 2004; Moreno-Mendoza et al., 2003). Thus, transcrip-
tional activators and/or speciﬁc Sox 9 repressors must be present early
at the onset of the expression pattern of gonadal cells according with
their position in the undifferentiated gonad. Considering that cells of
the genital ridge are in rapid proliferation, it is of interest to determine
the mechanisms responsible of the spatial regulation of Sox9 in the di-
verse cell lineages within the gonad.
Asmentioned above, inmice, the Sry/Sox9-expressing cell precursors
derive from proliferation of mesothelium cells at the genital ridge. Ge-
netic females lacking Sry brieﬂy express Sox9 but the encoded protein
remains cytoplasmic and is soon downregulated (da Silva et al., 1996).
Thus, apparently Sox9 is expressed in the early genital ridge of both
sexes prior to sex determination. Although in the fast-developing
mouse gonads the two classic territories, cortex andmedulla, can hardly
be identiﬁed, these spatial domains are formed in the bipotential gonads
of all tetrapod vertebrates (amphibian, ﬁshes, birds and mammals).
Initiating signals of sex determination have diversiﬁed during ver-
tebrate evolution. In therian mammals, in addition to Sry, DmY and
DmW have also been found; the ﬁrst, in two species of teleost ﬁsh
(Kondo et al., 2003; Matsuda, 2002) and, the second, in the toad
Xenopus laevis (Yoshimoto, 2008). In birds a dosage effect of Dmrt1
has been proposed. Testis of Dmrt1 knockdown male chick embryos
developed as ovarian-like gonads in which Sox9 expression was
strongly reduced (Smith et al., 2009). In all vertebrates studied so
far, upregulation of Sox9 plays a key role in testis determination
and/or testis differentiation (da Silva et al., 1996; Jakob and Lovell-
Badge, 2011; Merchant-Larios et al., 2010). Maintenance of Sox9 ex-
pression in Sertoli cells is required to keep the structural and functional
integrity of male gonads in mammals and probably in most vertebrates.
However, spatial and temporal patterns of Sox9 expression in cells of the
genital ridges have diversiﬁed during evolution. While mammals up-
regulate Sox9 prior to Amh expression (De Santa Barbara et al., 1998)
andmorphological differentiation, the opposite occurs in birds and croc-
odiles, in which Sox9 is up-regulated after Amh expression andmorpho-
logical differentiation of testis cords (Oreal et al., 1998; Western et al.,
1999a, 1999b).
Species with temperature sex determination (TSD) are interesting
predictive models since one of two alternative developmental out-
comes occur under controlled laboratory conditions. Thus, consecutive
molecular patterns of gene expression underlying morphogenesis may
be studied before, during and after morphological changes become ev-
ident. Previous results in the sea turtle Lepidochelys olivacea showed
that Sox9 expresses in the somatic cells of medullary cords of undiffer-
entiated gonads incubated at both female-promoting temperature
(FPT) and male-promoting temperature (MPT) (Moreno-Mendoza et
al., 1999). Thereafter, Sox9 is turned off prior to splicing of medullary
cords in presumptive ovaries of embryos incubated at FPT, while Sox9
continues to be expressed in testes atMPT. A similar pattern of Sox9 ex-
pression was found in two other species with TSD: Trachemys scripta(Barske and Capel, 2010) and Alligator mississipiensis (Western et al.,
1999b). Therefore, since Sox9 expression is independent of tempera-
ture in early genital ridges, it can be used as a marker of the cell lineage,
which forms the medullary cords prior to sex determination.
The aim of this study was, ﬁrstly, to detect the Sox9 expression pat-
tern in gonads of L. olivacea by immunoﬂuorescence and in situ hybrid-
ization, prior, during and after gonadal temperature sex determination,
thereby directly addressing the question of whether the medullary
cords originate from mesothelial cells that up-regulate Sox9 or if they
derive from an early speciﬁed cell lineage that maintains Sox9 expres-
sion. Secondly, we sought to assess if Sox9-expressing cells maintain
their epithelial identity from the onset of genital ridge development on-
wards in this species.
Materials and methods
Animals and sample collection
This study was approved by the local Ethics Committee at the Insti-
tuto de Investigaciones Biomédicas, UNAM. Eggs of L. olivaceawere col-
lected at La Escobilla Beach, Oaxaca, Mexico, and transported toMexico
City within 12 h after collecting. The eggs were kept in boxes with
moistened vermiculite and incubated either at 26±0.5 °C or at 33±
0.1 °C, male- (MPT) or female-promoting temperature (FPT), respec-
tively. The experiments were performed using eggs from four clutches
and the developmental stages were determined according to Miller's
criteria (Miller, 1985). Embryos were collected prior to the establish-
ment of the urogenital ridge at stage 20, at stages 21–25, the undifferen-
tiated gonads period, and at stage 27, when ovaries and testes are
evident.
BrdU administration
Eggswere illuminated to locate the blood vessel ring around the em-
bryo and injected with 100 g/g of egg of 5-bromo-2´-deoxy-uridine
(Sigma Aldrich), and the embryos removed 1 h after the injection.
Immunoﬂuorescence
An antigen-afﬁnity antibody raised against the SOX9 C-terminal
24-amino acid epitope (VPSIPQTHSPQHWEQPVYTQLTRP) that proved
to be highly speciﬁc against the SOX9 of L. olivacea was prepared as
previously described (Moreno-Mendoza et al., 2001) Fixed embryos
were washed in PBS and dehydrated with 30% sucrose overnight,
1:1 30% sucrose: O.C.T compound (Tissue Tek). The specimens were
embedded in O.C.T compound and frozen at −20 °C. SOX9 protein
was detected in 10–25 μm frozen sections. To remove lipids, the slides
were washed with ascending and descending series of ethanol in PBS.
Antigens were retrieved by boiling the slides in citrate buffer, pH 6.0,
for 45 min and allowing slides to cool to room temperature (RT).
Slides were washed with PBS and then permeabilized with 0.5% Tri-
ton 100X /PBS for 10 min. To block unspeciﬁc staining the sections
were treated with 5% horse serum in PBT (0.5% Triton 100X/PBS) for
2 h at RT and subsequently incubated overnight with primary rabbit
anti-Sox9 antibody diluted 1: 150 at 4 °C. The sections were incubated
in secondary goat Cy3 anti-rabbit antibody (Chemicon International,
Inc.) diluted 1:100 for 1 h RT and washed with PBS, sequentially
blocked with 1% horse serum in PBS for 1 h, and incubated overnight
with mouse anti-pan cytokeratin (AE1/AE3+8/18) (Biocare Medical)
which reacts with a common epitope to acid and basic cytokeratins (di-
luted 1:100 at 4 °C) or with mouse anti-N-cadherin (Invitrogen). The
slides were washed and incubated in Alexa ﬂuor 488 donkey anti-
mouse secondary antibody (Molecular Probes, Invitrogen) (diluted
1:100) for 1 h RT.
For Sox9/BrdU double immunoﬂuorescence, the lipids were re-
moved from the slides with alternate serial sections as described
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denature DNA and incubated with 10 mM borate buffer pH 8.5 at RT
for 15 min to neutralize HCl. To block unspeciﬁc staining, sections
were treated with 5% horse serum in PBT (0.5% Triton 100X/PBS) for
2 h at RT and subsequently incubated overnight with primary rabbit
anti-Sox9 antibody diluted 1: 150 at 4.0 °C, sequentially blocked
with 5% horse serum in PBS for 1 h, and incubated overnight with
mouse anti-BrdU diluted 1:250 (Roche). Slides were washed and in-
cubated in Alexa ﬂuor 488 donkey anti-mouse secondary antibody
(Molecular Probes, Invitrogen) (diluted 1:100) for 1 h RT. All sections
were counterstained with TOTO-3 iodide (Molecular Probes, invitro-
gen). To test the immunostaining speciﬁcity of the SOX9 antibody, the
antibody and the antibody plus the blocking peptide were analyzed
byWestern blot (see supplementarymaterial andmethods and Supple-
mental Fig. 2). As negative controls in the frozen sections, the antibody
was omitted in the primary solution, or peptide immunogenwas added
to the solution containing the SOX9 antibody (Supplemental Fig. 1). Im-
ages were collected and processed with a confocal Zeiss Pascal LSM5
microscope.
Light and electron microscopy
The samples were processed for high-resolution light and electron
microscopy as previously described in (Merchant, 1975). Brieﬂy, sam-
ples were ﬁxed in Karnovsky buffer, postﬁxed in 1% OsO 4 in Zetterq-
vist's buffer, and embedded in Epon 812. Semithin (1 m) and thin
(60 nm) sections were stained with toluidine blue and uranyl ace-
tate/lead citrate, respectively. Images were collected and processed
with a light or transmission electron microscope.
Whole mount in situ hybridization
Turtle SOX9 fragments of 597 bp were generated by PCR ampliﬁ-
cation of cDNA from MPT gonads at stage 27. PCR primers were:
SOX9 F: 5′ AGG AAG TCGGTG AAG AAC G 3′; SOX9-R: 5′ CTT GAT
GTG TGT CCTCTG CTG 3′. The PCR product was cloned into the
pGEM-T easy vector system I (Promega corporation). Fragment iden-
tity and insertion orientation was veriﬁed by sequencing. Plasmids
containing the turtle SOX9 fragment were linearized by restriction di-
gestion and used as templates for either SP6 or T7 RNA polymerase
(Promega). In vitro reactions generated antisense and sense ribop-
robes, and these were labeled with digoxigenin-UTP (DIG RNA label-
ing mix, Boehringer). In situ hybridization was performed as reported
(Díaz-Hernández et al., 2008) Test or control samples were hybrid-
ized with antisense or sense riboprobes, respectively. Riboprobes
were added and hybridized overnight at 56 °C, washed and blocked
with 15% goat serum, 2% BSA in PBS. The signal was immunologically
detected using preabsorbed antibody anti-digoxigenin-AP Fab frag-
ment (Boehringer Mannheim), and staining with BM Purple AP Sub-
strate precipitating (Roche). Samples were photographed using a
dissecting microscope.
Results
The cortex and medullary cords are two epithelial gonadal compartments
Keratins are intermediate cytoskeleton ﬁlaments typical of epithe-
lial cells. In the current study, a pancytokeratin antibody that detects
several members of the keratin family was used to identify the epithe-
lial lineage of developing genital ridges. At stage 28, more than 90% of
the gonads from embryos incubated at either male- (MPT=26 °C) or
female- promoting temperature (FPT=33 °C) showedmorphologically
differentiated testes or ovaries, respectively. Double immunostaining
revealed testis with medullary cords formed by cells with SOX9-
expressing nuclei and containing cytokeratins in the cytoplasm.The surface epithelium of male gonads was formed by a single layer
of squamous cytokeratin-positive (CK+) cells lacking SOX9 expression
(SOX9−) (Figs. 1A–C). On the other hand, epithelial tissues in ovaries
showed a dramatic rearrangement compared to testes. The surface ep-
ithelium was thicker and formed by several layers of tightly attached
CK+ columnar cells, while the medullary cords appeared as single clus-
ters of CK− epithelial cells distributed in the ovarian medulla (Figs. 1D,
E). These epithelial clusters derive from the splitting up the medullary
cords of previously undifferentiated gonads in which SOX9 was gradu-
ally turned off at FPT (Fig. 2A).
Up to stage 24, gonads from embryos incubated either at MPT or
FPT remained morphologically similar: one or two layers of SOX9−
cubic cells forming the surface epithelium and the medulla occupied
by SOX9+ cells forming a network of medullary cords. Both types of
CK cells appeared continuous at several locations (Figs. 2A–B). Thus,
differential SOX9 expression in the cortex and medulla allows distinc-
tion between two kinds of epithelial cells in the morphologically
undifferentiated genital ridges of L. olivacea.
Autonomous proliferation of SOX9+ cells of medullary cords and SOX9−
cells of the surface epithelium
If SOX9− cells of the surface epithelium contain precursors of SOX9+
cells, then, asymmetric cell division of these precursor cells may explain
the origin of the medullary cords. Since nuclear labeling with BrdU can
mark differential proliferative rates in developing organs with two
well-distinguished territories, this DNAprecursorwas injected to embry-
os at stages 22–23 whose gonads were still morphologically undifferen-
tiated. At stage 22, a cranio-caudal gradient of SOX9÷ BrdU+ cells was
found at the surface epithelium (mesothelium). Along the caudal third
of the genital ridges most cells incorporating BrdU were SOX9− (Fig. 3A
and Supplemental video 1); their number decreased at the medial third
(Fig. 3B), while at the cranial third most BrdU+ were SOX9−. Once the
complete genital ridge was established at stage 23, gonads were found
to grow by autonomous proliferation of SOX9+ and SOX9− epithelial
cells at the medulla and cortex, respectively (Supplemental Fig. 3A).
To ﬁnd out when regional allocation of SOX9+-CK+ and SOX9−–
CK+ cells appears, we studied earlier genital ridges. Thus, stages 20
and 21, which are prior and at the onset of the establishment of gen-
ital ridges, respectively, were processed. At early stage 20, formation
of the dorsal mesentery occurs by a process of in-folding at both
sides of the mesothelium separating the left and the right sides of
the embryo (Figs. 4A and E). Cytokeratin staining revealed CK+ epi-
thelial cells at several locations: in the mesothelium bordering the
coelomic cavity, the mesonephric ducts, condensing mesonephric tu-
bules, the notochord, and the endoderm of the vitelline sac (Fig. 4B).
SOX9 plays a critical role as transcription factor for speciﬁcation and
maintenance of several organs in metazoan (Wegner, 1999). Thus,
as described in other tetratopoda (Guth and Wegner, 2008), SOX9-
expressing cells appeared distributed in several developing organs
of L. olivacea, including the neural tube, notochord and mesonephros.
Interestingly, a new pattern of SOX9 expression was found, which has
not been previously described, CK+ mesothelial cells along the lateral
folds of the just forming dorsal mesentery, strongly expressed SOX9
prior to formation of genital ridges (Fig. 4C and Supplemental Fig. 3B).
A population of SOX9+ epithelial cells at the dorsal mesentery precedes
the establishment of the genital ridges
As the dorsalmesentery grew, at later stage 20 and early 21, a pattern
of SOX9+ cells appeared among the CK+ tissues. Cellswith SOX9+nuclei
were distributed in the upper part of the dorsal mesentery and in the
mesothelium that covers the mesonephric ridges along the area in
which the genital ridges will later be formed (Figs. 5B and E). SOX9+
cells were not restricted to the surface epithelium but were also ob-
served in the inner upper part of the dorsal mesentery as less tightly
Fig. 1. Differentiated gonads of L. olivacea at stage 28. A. Testis showing medullary cords (mc) formed by CK+ cells (green) with SOX9+ nuclei (purple). Stromal cells (st) and sur-
face epithelial cells (se) show blue nuclei stained with TOTO-3 iodide. Notice the heavier deposit of cytokeratin in the medullary cords at the mesonephric side (*). B. SOX9 and C.
cytokeratin D. Ampliﬁcation of the ovary. The surface epithelium is formed by more than one layer of tightly attached CK+ columnar cells (se). Arrowheads point to fragmented
medullary cords formed by clusters of CK+ cells (arrowheads) randomly distributed among CK− stromal cells. E. Show a general view of the ovary. Scale Bar A–D: 20 μm, E=50 μm.
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the SOX9+ cells form a “T” shaped domain (T-Dom) as seen in cross sec-
tions of the posterior part or the embryo. The arms of the T-Dom delin-
eate the mesonephric mesothelium where the genital ridges will later
be organized (Fig. 5).
Due to the growth of the adjacent mesonephros, stage 21 embryo
serial sections showed that the T-Dom SOX9+ cells were now located
between the two urogenital ridges. At this stage, the arms of the T-
Dom were folded down at each side of the hindgut mesentery and
the CK+–SOX9+ cells occupied a thicker layer on the surface epithe-
lium (Figs. 6A–D). Serial sections of the anterior part of the T-Dom
showed a prominence of the thicker epithelium into the coelomic cavi-
ty, whichmarked the onset of the genital ridge formation (Supplemen-
tal Fig. 4 and Supplemental video 2). Most mesenchymal-like cells
underlying the surface epithelium at both, the upper part of the dorsal
mesentery and the incipient genital ridges, were CK+–SOX9+ suggest-
ing their epithelial origin (Figs. 6B–D).
Although CK+–SOX9+ cells showed a spatial pattern suggesting a
precocious speciﬁcation of the epithelial component of genital ridges
(surface epithelium and medullary cords), both cell markers were
expressed in cell lineage precursors of other organs that share a com-
mon mesodermal origin with the genital ridges (namely, the meso-
nephric tubules and adrenal cell cortex). Next, another cell marker
was investigated to reinforce the idea of a putative pregonadal do-
main of genital ridge epithelial cell precursors. Two antibodies against
cell adhesion molecules (CADs) were tested: E-cadherin (Ecad) andN-cadherin (Ncad). Ecad was slightly detected in PGCs and in all
CK+ somatic cells (not shown) but strong Ncad staining colocalized
with the CK+–SOX9+ cells of the T-Dom at stages 21 and 22
(Fig. 7A, E; Figs. 8A–E and Supplemental Fig. 5 AB). Thus, this strong
N-cadherin expression delimits the spatial pattern of the putative
CK+–SOX9+ cell population lineage, which may be involved in the
establishment of the epithelial tissues that form the genital ridges.
To correlate the expression of SOX9 protein shown by our anti-
body with Sox9 transcripts, an in situ hybridization (ISH) was per-
formed. Although L. olivacea embryos were quite resistant to probe
penetration in whole mounted samples, Sox9-positive tissues were
revealed on the surface of thick-sectioned embryos prior to ISH. Dis-
tribution of Sox9-positive tissues closely matched the SOX9+ protein
cells detected by immunoﬂuorescence (compare Figs. 6 and 9). The
dorsal mesentery and ventromedial surface of the mesonephros
showed a T-Dom formed by Sox9-stained cells similar to the pattern
seen with immunoﬂuorescence positive tissue at its upper part, and
unstained at the lower part towards the vitelline sac and the hindgut
(Figs. 9C and D). As the coelomic epithelium thickens at the ventro-
medial mesonephros on each side of the dorsal mesentery, Sox9 tran-
scripts were clearly detected at the genital ridges (Fig. 9D).
To study details of cell arrangement in the T-Dom, samples were
processed for high-resolution microscopy. Semithin sections (1 μm) of
plastic-embedded tissues showed that, in contrast with the ﬂat cells of
the coelomic epithelium surrounding the mesonephros, epithelial cells
at the T-Dom appeared tightly arranged, with cubic or columnar
Fig. 2. SOX9 and CK in genital ridges of sea turtle at stage 24 incubated at female-promoting temperature (FT) or male-promoting temperature (MT.) A. Cross section of a genital
ridge from an embryo incubated at MT. Medullary cords (mc) formed by SOX9+ cells (red) and the surface epithelium (se) formed by SOX9− cells (blue) are shown. Cytokeratin
appears as irregular green spots distributed both at the surface epithelium and medullary cords. B. Higher magniﬁcation of the same sample shown in A. The antibody against SOX9
stains nuclei of medullary cells (red+blue=purple) except for the nucleoli which appear as dark spots (arrow heads). Notice that CK (green) is seen as layers or irregular spots
around SOX9+ and SOX9− nuclei of epithelial cells. C. At FT most nuclei of medullary cords are still SOX9+, similar to gonads from embryos at MT. At the mesonephric side a cluster
of purple cells inside a blood vessel (bv) is shown at the upper right corner. Since these cells are similarly seen in pre-adsorbed controls (see Supplemental Fig. 1), they cannot be
considered SOX9+ cells. D. Higher magniﬁcation of the same sample as shown in panel C. Distribution of cells with SOX9+ and SOX9− nuclei in medullary cords (mc) and surface
epithelium (se), respectively, is similar at both temperatures. Cytokeratin arrangement indicates continuity between epithelial cells at the surface and medullary cells. Scale bars: A
and C=50 μm. B and D=10 μm.SOX9 and CK in genital ridges of sea turtle at stage 24 incubated at female-promoting temperature (FT) or male-promoting temperature (MT.) A.
Cross section of a genital ridge from an embryo incubated at MT. Medullary cords (mc) formed by SOX9+ cells (red) and the surface epithelium (se) formed by SOX9− cells (blue)
are shown. Cytokeratin appears as irregular green spots distributed both at the surface epithelium and medullary cords. B. Higher magniﬁcation of the same sample shown in A. The
antibody against SOX9 stains nuclei of medullary cells (red+blue=purple) except for the nucleoli which appear as dark spots (arrow heads). Notice that CK (green) is seen as
layers or irregular spots around SOX9+ and SOX9− nuclei of epithelial cells. C. At FT most nuclei of medullary cords are still SOX9+, similar to gonads from embryos at MT. At
themesonephric side a cluster of purple cells inside a blood vessel (bv) is shown at the upper right corner. Since these cells are similarly seen in pre-adsorbed controls (see Supplemental
Fig. 1), they cannot be considered SOX9+ cells. D. Higher magniﬁcation of the same sample as shown in panel C. Distribution of cells with SOX9+ and SOX9− nuclei in medullary cords
(mc) and surface epithelium (se), respectively, is similar at both temperatures. Cytokeratin arrangement indicates continuity between epithelial cells at the surface and medullary cells.
Scale bars: A and C=50 μm. B and D=10 μm.
Fig. 3. Cross sections along the genital ridges and the hindgut mesentery at stage 23 incubated at MT showing proliferative cells as assessed by BrdU incorporation. A. Immunode-
tection of SOX9 in a cross section seen with Nomarsky optics added to the confocal image. Several SOX9+ cells that took BrdU appear in the surface epithelium (arrow heads) at the
posterior part of the genital ridges. The hindgut mesentery (hgm) located between the genital ridges is shown. (See supplemental video 1). B. At the anterior part of the genital
ridge, most cells labeled with BrdU in the surface epithelium are SOX9− (arrow heads). Scale bars: A=20 μm. B=50 μm.Cross sections along the genital ridges and the hindgut
mesentery at stage 23 incubated at MT showing proliferative cells as assessed by BrdU incorporation. A. Immunodetection of SOX9 in a cross section seen with Nomarsky optics
added to the confocal image. Several SOX9+ cells that took BrdU appear in the surface epithelium (arrow heads) at the posterior part of the genital ridges. The hindgut mesentery
(hgm) located between the genital ridges is shown. (See supplemental video 1). B. At the anterior part of the genital ridge, most cells labeled with BrdU in the surface epithelium are
SOX9− (arrow heads). Scale bars: A=20 μm. B=50 μm.
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Fig. 4. A. L. olivacea embryo at stage 20 when the dorsal mesentery starts to form by in-folding of the lateral mesoderm along each side of the emerging body (blue arrows).
B–E. Confocal images of cross-sectioned embryo at stage 20 taken at the same level as the arrows shown on the embryo in panel A. B. Cytokeratin (green). C. SOX9 (red). D. TOTO-3 iodide
(blue). E. Merged images; blue arrows indicate the direction of lateral mesoderm in-folding towards the center of the body to form the dorsal mesentery (dotted area). Notochord (n),
neural tube (nt), precursor endoderm of hindgut (e), yolk space (y) and Wolfﬁan duct with forming mesonephric tubule (w). Scale bar=50 μm.
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scant heterochromatin and irregular nucleoli (Figs. 11 A and B). Inter-
cellular junctional complexes between epithelial cells are evident at
the surface, bordering the coelomic cavity (Fig. 11C). Among epithelial
cells, primordial germ cells (PGCs) were frequently observed Figs.
10B–C). Presumptive PGCs are distinguishable because they are several
times larger than the surrounding somatic cells, their roundish nuclei
with conspicuous nucleoli, and their cytoplasm with a large Golgi com-
plex, abundant mitochondria, endoplasmic reticulum cisternae and yolk
lipid droplets (Figs. 11A and B). The identity of PGCs at this early stage
was supported by the characteristic ultrastructural features of PGCs
found in well-formed gonads at later developmental stages (not
shown). Loosely arranged cells with a mesenchymal-like appearance
were sometimes seen associated to PGCs in the neighborhood of the ep-
ithelium (Fig. 10C). Since immunoﬂuorescence staining of the T-Dom
showed that these cells expressed the same cell markers as epithelial
cells, they probably represent the same cell lineage regardless of their cy-
tological appearance.
Discussion
In the current study, a spatial domain of SOX9-expressing cells
(Sox9+) preceding the establishment of the genital ridge was foundin early embryos of L. olivacea. A pattern of SOX9+ cells is evident con-
comitant to the folding of the lateralmesodermprior to the formation of
the dorsal hindgutmesentery. Once the dorsalmesentery is formed, a T-
shaped domain (T-Dom) formed by SOX9+–CK+–Ncad+ cells is evi-
dent in cross sections along the forming hindgut. At its upper part of
the T-Dom, the arms extend to both sides of the ventromedial meso-
nephric ridge before the epithelial thickening that will form the genital
ridges. Interestingly, the T-Dom contains surface epithelial cells and
mesenchymal-like cells. This is particularly evident at the upper part
of the T-Dom where mesenchymal-like SOX9+ cells are surrounded
and mixed with loosely arranged SOX9− mesenchymal cells. Expres-
sion of Ncad in these SOX9+ mesenchymal-like cells that resemble ep-
ithelial cells of the T domain supports a common origin of the two kinds
of cells with apparently different phenotype. As with SOX9+ epithelial
cells, SOX9+ mesenchymal-like cells are frequently associated to PGCs
prior to overt formation of the genital ridges. Cell shape and the orien-
tation of cell processes of SOX9+ cells at each side of the dorsal mesen-
tery where the genital ridge will be formed, suggest that SOX9+
mesenchymal-like cells may be incorporated to the incipientmedullary
cords of the thickening genital ridge.
Undifferentiated gonads of most tetrapod vertebrates have two
epithelial components deﬁned by their regional position: the surface
epithelium, also named cortex, and the medullary cords. Primordial
Fig. 6. Embryos of L. olivacea at early stage 21 incubated at FT. A. Upper panel shows three dotted lines (I, II and III) corresponding to the three posterior levels at which the thick
cross sections shown below were taken. At this stage the allantois (all) is already present. At level I the endoderm of the hindgut is still open (*), while at levels II and III the en-
doderm has closed (**). B–D. Show cross sections of a frozen embryo from the same clutch as in A taken at similar posterior levels as in ﬁgures II and III. The T-Dom formed by
SOX9+ (purple) and CK+ cells (green) is evident. Notice the mesenchymal-like appearance of the SOX9+–CK+ cells underlying the surface mesothelium (stars). An incipient genital
begins to form (arrow). Scale bar: A=2.0 mm. B–D=50 μm.
Fig. 5. Diverse magniﬁcations of a late stage 20 sea turtle embryo showing the T-Dom formed by SOX9+ and CK+ cells at the dorsal mesentery (*). A. Cytokeratin (green). B. SOX9
(red). C. TOTO-3 iodide (blue). D. Enlarged picture of merged images A–C. E. Higher magniﬁcation of the T-Dom (dotted area on D) showing CK+ and SOX9+ cells located both at the
mesothelium (mes) facing the coelomic cavity (cc) and among mesenchymal cells (star). Scale bar=100 μm.
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Fig. 7. Immunoﬂuorescent staining of N-cadherine (green) and SOX9 (red) on frozen cross sections of early stage 21 embryo incubated at MT. A–D. The T-shaped domain formed by
the dorsal mesentery and the ventromedial mesonephric mesothelium (arrows) is outlined by SOX9+ (red) and Ncad+ (green) cells. Nonspeciﬁc blue staining of nuclei with TOTO-3
iodide is shown. Neural tube (nt) andmesonephric tubules (*) are also Ncad+. E. Highermagniﬁcation of themerge image shown inD inwhichNcad appears around SOX9 positive nuclei
in cells of the T-Dom. Notice that both, surface epithelium and stromal-like cells, are Ncad+–SOX9+. Scale bar: A–D=100 μm, E=50 μm.
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ithelial components. In the current study the expression of cytokera-
tins by epithelial cells was used to trace the origin and fate of both
epithelia at the onset of genital ridge formation. Classical and modern
authors agree that medullary cords originate from proliferation of
coelomic epithelial cells that ﬁrst form the gonadal anlagen in which
cords later become organized (Karl and Capel, 1998; Satoh, 1991). Be-
sides their position, the two kinds of epithelial cells are also distinct in
terms of SOX9 expression: while epithelial cells of medullary cords
are Sox9+, those at the surface epithelium are SOX9−. It has been as-
sumed that SOX9+ cells of the medullary cords derive from SOX9−
cells of the surface epithelium, probably by a process of upregulation
of SOX9 in medullary cell precursors after asymmetrical division of
cells at the surface epithelium (Quyn et al., 2010). In contrast, current
results suggest that, at least in L. olivacea, the process occurs the other
way around, epithelial cells formerly expressing SOX9 proliferate and
form the medullary cords, while cells that remain at the surface epithe-
lium originate later, from asymmetric division of SOX9+ cells that
down-regulate SOX9. These SOX9− cells will form the gonadal cortex
from which the ovary differentiates.
In the freshwater turtle Trachemys scriptamedullary cords may be
formed from invaginations of the coelomic epithelium (Yao et al.,Fig. 8. Cross section of a 22 stage embryo incubated at FT. Panels A and D are confocal image
staining. E. Higher magniﬁcation of the merged image B. The Ncad+SOX9+cells extend along t
duct (w), mesonephric tubules (mt) and growing nerves (n). Scale bar=50 μm.2004). Although late undifferentiated gonads of L. olivacea show sim-
ilar invaginations as T. scripta, they may grow autonomously to form
the ovarian cortex precursor since their proliferating cells remain
SOX9− in contrast with the proliferating SOX9+ epithelial cells of
medullary cords that will form the seminiferous cords in the testis.
Thus, at least in the sea turtle, the medullary and cortical epithelial
cell lineages are speciﬁed at the onset of the genital ridge.
If, as proposed by (Davidson and Erwin, 2006), spatial components
of morphology are laid down from domains of a given population of
cells expressing new regulatory states, the T-Dom found in the current
study may represent the earliest precursor of the genital ridges, previ-
ously unnoticed in amniote vertebrates. SOX9+ cells expressing cyto-
keratin and N-cadherin (SOX9+–CK+–Ncad+) detected at the onset
of the hindgut dorsal mesentery may be speciﬁed in the lateral meso-
derm before it folds into the embryo to form the coelomic cavity or
they may be speciﬁed by regional cues once both sides meet to form
themesentery. Further work deserves to be done to solve this question.
Deployment of SOX9+ cells at the T-Dom can be foreseen as the
output of a transient developmental gene regulatory network con-
trolled by cell replication and morphogenesis gene sets. Spatial and
temporal transcription of signaling molecules at the dorsal mesentery
and the coelomic epithelium of the future genital ridges represent as of SOX9 (red) and Ncad (green), respectively. B. Merged image. C. TOTO-3 iodide blue
he arms of the T-Dom forming the genital ridges (gr). Ncad is also present in the Wolfﬁan
Fig. 9. Embryos processed for in situ hybridization to detect expression of Sox9 at stages 21 and 22. A. Thickly sectioned embryo at stage 21 incubated at FT. The T-shaped domain
formed by Sox9 transcripts connects the mesentery (hm) of the just closing hindgut (hg) with the ventromedial part of the mesonephric ridges (arrow heads). B. More anterior
thick section of the same embryo as shown in A, incubated with the sense probe of Sox9. C. An embryo incubated at MT showing the T-Dom similar to the embryo in A. Notice
the negative staining at the lower part of the hindgut mesentery (*) as seen by immunoﬂuorescence. D. Thick cross section of a stage 22 embryo incubated at MT. As seen with
immunoﬂuorescent detection of SOX9, gene transcripts are expressed in the T-shaped domain (dotted area) which extends to the genital ridges (arrow heads). Scale bar: 1.0 mm.
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bipotential gonads (Fig. 11). A second transient step thereafter is the
speciﬁcation of SOX9+ and SOX9− cells after asymmetric division inFig. 10. This ﬁgure shows semithin cross sections (1.0 μm) of a stage 21 embryo, taken at the
columnar cells (dotted area) covering the dorsal mesentery and ventromedial part of the in
(mesenchymal cells, ﬁbroblasts and blood vessels), as well as the surface mesothelium. Par
chord (no).B. Higher magniﬁcation of the upper part of the dorsal mesentery seen in pane
the dorsal mesentery and one (**) already among somatic cells of the surface epithelium
the T-Dom showing the loose arrangement of the Ncad+-SOX9+-Ncad+ cells detected by
(*), one at the angle of the dorsal mesentery and other among loose stromal cells are presethe growing genital ridges. The third step takes place when SOX9+
and SOX9− grow and differentiate to form the medullary cords and
the cortex, respectively. The structural framework in which alternativesame levels as those in Fig. 6B. A. Lowmagniﬁcation of the T-Dom formed by cubic and
cipient mesonephros. The hindgut epithelium (hg) is seen surrounded by stromal cells
t of the organizing mesonephric tubules is also seen (arrow). Dorsal aorta (da). Noto-
l A. Notice two primordial germ cells (*) still among the columnar mesothelial cells of
at the mesonephric side facing the mesentery. C. Serial section of the upper angles of
immunoﬂuorescence (star), compare with Figs. 6 and 7. Two primordial germ cells
nted. Scale bar: A=100 μm; B=10 μm; C=20 μm.
Fig. 11. Electron micrographs of the same sample as shown in Fig. 10. A. A primordial germ cell (PGC) appears surrounded by somatic cells (S) at the just thickening genital ridge.
Besides its larger size, the PGC shows roundish nucleus (N) and nucleolus (n) in contrast to the pleomorphic shapes of the somatic cells. By its position in the T-shaped domain, the
somatic cells correspond to the epithelial cells that express SOX9 and CK in their nucleus and cytoplasm, respectively. Part of the coelomic cavity is shown at the lower right corner
(*). B. Higher magniﬁcation of the cytoplasmic area delineated by the square in panel A. Abundant cysternae of the Golgi complex (G), mitochondria (m) and lipid droplets (L) are
shown. C. This ﬁgure shows several electron dense junction complexes (arrows) formed by epithelial cells facing the coelomic cavity (*). Scale bar: A=2 μm; B=1 μm; C=500 nm.
Fig. 12. This cartoon shows four transient regulatory states of epithelia leading to gonadal
differentiation in embryos of L. olivacea. 1. The pregonadal stage is represented by a popula-
tion of SOX+ (red) at one of the arms of the T-Dom. 2. Asymmetric division of SOX9+ cells
produces a surface epithelium formed by SOX9+ (red) and SOX9− cells (blue). Underlying
medullary cords grow by symmetric division of SOX9+ cells (red). 3. Bipotential gonads
with SOX9− cells (blue) in the surface epithelium and SOX9+ cells (red) in medullary
cords grow by symmetric division of cells in each of the two compartments. Temperature
sex determination occurs at this regulatory state, male-promoting temperature (MT) favors
development ofmedullary cordswhile female-promoting temperature (FT) allows growand
differentiation of the surface epithelium. 4. Differential growth and differentiation of SOX9−
(blue) or SOX9+ (red) epithelia lead to development of ovaries or testis, respectively.
C: cortex, M: medullary cords.
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lished at this point. Finally, development into a testis or an ovary
takes place by growth and differentiation of either one of the two epi-
thelial compartments (Fig. 12).
The speciﬁc internal molecular context must certainly make an
important difference in terms of the consequences of Sox9 induction
within speciﬁc tissues. Although in mammals a self-reinforcing loop
of Sox9 expression characterizes the Sertoli cell lineage, the timing
in which this loop is established has evolved differently among amni-
ote vertebrates with morphologically similar bipotential gonads.
While mammals express Sox9 prior to Amh, a factor indicative of Ser-
toli functional differentiation (De Santa Barbara et al., 1998), in birds,
Amh precedes Sox9 (Oreal et al., 1998) suggesting different direction-
al pathways of regulation.
Reptiles exhibit great diversity of sex-determining systems (re-
cent reviews: (Georges et al., 2010; Sarre et al., 2004). Although the
end products of diverse sex determination pathways remain the
same, namely ovaries or testes, evidence suggests that Sox9 is a func-
tionally conserved gene. As such, Sox9 is useful to understand how
short and linear pathways, or pathway segments, may have evolved
within more complex networks. As in birds, crocodiles express Sox9
in medullary cords after Amh (Oreal et al., 1998; Western et al.,
1999a, 1999b), in contrast to L. olivacea in which, similarly to mam-
mals, the converse occurs (Merchant-Larios et al., 2010). If this corre-
lation has a meaning in terms of evolution, the shared ancestry
between crocodiles and birds on one side and of a different reptilian
ancestor of mammals on the other may ﬁnd support (Ye et al., 2010).
Developmental stability depends on the robustness of sequential
regulatory networks established prior to the ﬁnal phenotype. This pro-
cess called canalization (Waddington, 1942) is strong in species with
GSD but labile in TSD reptile species (Georges et al., 2010). Since the
T-Dom is similar at both FPT andMPT in L. olivacea, current results indi-
cate that its formation is strongly canalized. Thus, the thermolabile reg-
ulatory network(s) involved in dimorphic Sox9 regulation operate once
the SOX9+ epithelial cells in medullary cords and the Sox9− epithelial
cells in the cortex have been established.There is a difference between L. olivacea and rodent mammal go-
nads concerning the stage of CK expression. Mice and rats are CK−
in undifferentiated gonads while, in the turtle, Sox9+−CK+ medullary
cords are evident at this stage. Appearance of Sox9+– CK+ in cord-like
structures is delayed in rodents and coincides with testis differentiation
in these species (Frojdman et al., 1989; Paranko et al., 1986). Thus, it is
tempting to speculate that the timing for consolidation of medullary
cords as well as their fate has evolved among species according to em-
bryonic size and length of the undifferentiated stage of the gonad.
166 V. Díaz-Hernández et al. / Developmental Biology 361 (2012) 156–166The genetic processes required for initial commitment to a given
gonadal fate in a particular domain of the urogenital mesothelium re-
main elusive.
In the mouse, although Sf1−/−, Wt1−/−, Emx2−/−, and M33−/−
embryos fail to maintain genital ridges, the mesothelium does begin
to thicken (Wilhelm et al., 2007). Lhx9 (LIM homeobox gene 9) may
be involved, because, in contrast with the other genes, in Lhx9 null
embryos mesothelial cells fail to proliferate preventing formation of
the genital ridges (Birk et al., 2000).
Interestingly, as inmice, a similar expression pattern of Lhx9 has been
found in genital ridges of rat and chick. First detected in themesothelium
of both sexes, Lhx9 continues to be expressed in epithelial cells of semi-
niferous and ovigerous cords of early testes and ovaries, respectively
(Mazaud et al., 2002). Thus, Sox9 regulation occurs in Lhx9-expressing
cells in both chick and rodents. In contrast to current results in L. olivacea,
Sox9 upregulation starts in the innermost cells of the genital ridges in
mice and rats and in the early seminiferous cords in the chick. These re-
sults indicate that regulatory networks controlling the spatial establish-
ment of cells with a self-regulatory Sox9 loop involved in Sertoli cell
determination and/or differentiation have considerably evolved.
Supplementary materials related to this article can be found online
at doi:10.1016/j.ydbio.2011.10.001.
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